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ABSTRACT
Recent high-resolution interferometric observations of protoplanetary disks at (sub-)millimeter wave-
lengths reveal omnipresent substructures, such as rings, spirals, and asymmetries. A detailed inves-
tigation of eight rings detected in five disks by the DSHARP survey came to the conclusion that all
rings are just marginally optically thick with optical depths between 0.2 and 0.5 at a wavelength of
1.25 mm. This surprising result could either be coincidental or indicate that the optical depth in all of
the rings is regulated by the same process.
We investigated if ongoing planetesimal formation could explain the ”fine-tuned” optical depths in the
DSHARP rings by removing dust and transforming it into ”invisible” planetesimals. We performed
a one-dimensional simulation of dust evolution in the second dust ring of the protoplanetary disk
around HD 163296, including radial transport of gas and dust, dust growth and fragmentation, and
planetesimal formation via gravitational collapse of sufficiently dense pebble concentrations.
We show that planetesimal formation can naturally explain the observed optical depths if streaming
instability regulates the midplane dust-to-gas ratio to unity. Furthermore, our simple monodisperse
analytical model supports the hypothesis that planetesimal formation in dust rings should universally
limit their optical depth to the observed range.
Keywords: accretion, accretion disks — instabilities — methods: numerical — planets and satellites:
formation — protoplanetary disks — stars: individual (HD 163296)
1. INTRODUCTION
Since the era of high-resolution interferometry, many
circumstellar disks are known to show ring-like substruc-
tures in the millimeter continuum emission of the dust,
e.g., HL Tauri (ALMA Partnership et al. 2015), TW Hy-
drae (Andrews et al. 2016; Tsukagoshi et al. 2016), and
HD 163296 (Isella et al. 2016).
Recently, the DSHARP survey (Andrews et al. 2018)
observed 20 protoplanetary disks at a wavelength of
1.25 mm with an angular resolution of ∼0.′′035. Most
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of the observed disks show substructures such as rings,
spirals, and vortices (Huang et al. 2018a,b).
One of the most promising explanations for substruc-
tures in protoplanetary disks is the existence of planets
carving gaps in the gas surface density. The outer edge
of the planet induced gap acts as a pressure bump and
halts the inward drift of dust particles (Rice et al. 2006;
Pinilla et al. 2012).
Dullemond et al. (2018) analyzed a subset of eight
rings in five disks of the DSHARP sample in greater
detail and found evidence for dust trapping in pres-
sure bumps. Furthermore, their observations of the az-
imuthally averaged intensity profiles hint to the exis-
tence of a particle size distribution, as apposed to a
single grain size. Additionally, a background pressure
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Figure 1. Peak optical depths in the eight rings of the
DSHARP sample (Dullemond et al. 2018) and in the rings
of HD 169142 (Macias et al. 2019).
gradient is needed to account for the deviations from
Gaussian profiles in the intensity.
Another remarkable result of the DSHARP survey is
that the derived peak optical depths in the analyzed
rings are all very similar: not completely optically thick,
but marginally thick with values between about 0.2 and
0.5 (see figure 1). The reason for these seemingly fine-
tuned optically thicknesses is unclear. Since Dullemond
et al. (2018) analyzed only the brightest rings within
the DSHARP survey, it makes sense that none of the
rings is fully optically thin. It cannot, however, explain
why none of the rings is fully optically thick. Since the
sample of eight rings is rather small, even coincidence
cannot be completely ruled out. Nevertheless, with only
a few exceptions the other disks in the DSHARP sample
show a similar behavior at the location of substructures
(Huang et al. 2018a). Similar results have been obtained
by Cazzoletti et al. (2018) in the case of HD 135344B
and by Macias et al. (2019) in HD 169142.
One possible explanation is dust removal by plan-
etesimal formation. Streaming instability is a hydrody-
namical mechanism driven by the relative flow of dust
and gas that concentrates dust particles until they col-
lapse under their own gravity, forming 100-kilometer-
sized planetesimals (Youdin & Goodman 2005; Johansen
et al. 2007). Johansen et al. (2009) found that the plan-
etesimal formation via the streaming instability is con-
ditioned by the vertically integrated dust-to-gas ratio,
with a threshold of 0.02 in the case of grains with Stokes
numbers between 0.1 and 0.4. Bai & Stone (2010a) con-
firmed this threshold and noticed that only the peb-
bles of St ≥ 10−2 actively clump and thus only the
large grains should be taken into account when calcu-
lating metallicity to compare with the threshold. Car-
rera et al. (2015) and Yang et al. (2017) performed sys-
tematic studies for the conditions necessary for plan-
etesimal formation and proposed a threshold metallic-
ity criterion as a function of the grain’s Stokes number.
However, these studies adapted initially laminar disks,
where there is only self-driven turbulence. Global disk
turbulence can potentially undermine the efficiency of
the streaming instability (Auffinger & Laibe 2018; Yang
et al. 2018), however in disks which are turbulent due
to a magneto-hydrodynamic instability, zonal flows have
been shown to form, which create pressure bumps that
concentrate pebbles sufficiently to allow for a sponta-
neous gravitational collapse (Dittrich et al. 2013). Also,
lower pressure gradients present in pressure bumps have
been shown to favour planetesimal formation and the
planetesimal formation criterion should depend on the
pressure gradient (Bai & Stone 2010b; Abod et al. 2018;
Sekiya & Onishi 2018).
While the detailed criteria of conditions allowing for
planetesimal formation in the streaming instability in
turbulent disks are subject to ongoing studies, in this
paper we follow Dra¸z˙kowska et al. (2016) and Schoonen-
berg & Ormel (2017) and adopt a simple criterion based
on the midplane dust-to-gas ratio exceeding unity, as
this seems to be a general criterion for fast growth in
the linear phase and development of strong clumping in
the non-linear phase of the streaming instability (Youdin
& Johansen 2007; Johansen & Youdin 2007).
The transformation of dust particles into planetes-
imals could naturally explain the limitation in opti-
cal thickness that is observed in dust rings. The self-
regulating nature of this process – a high concentration
of dust particles is required and streaming instability
might be stalled as soon as enough dust is converted into
planetesimals – could explain why the optical depths in
these rings seem to be all within a narrow range.
To investigate this hypothesis, we reproduced the
model presented in Dullemond et al. (2018) by impos-
ing a Gaussian gap onto the gas which is imitating the
gap caused by a planet, but including the full grain size
distribution regulated by particle growth and fragmen-
tation. What is more, we implemented a simple recipe
for the formation of planetesimals in dust concentrations
and analyzed the evolution of the peak optical depth in
the dust ring that forms at the outer edge of the gap.
Furthermore, we compare this model to a model without
planetesimal formation.
In section 2, we derive a simple analytical formula for
the optical depth resulting from a monodisperse parti-
cle size distribution that is just at the threshold, where
streaming instability can act. Section 3 describes the nu-
merical model with which we simulate the growth and
transport of dust in protoplanetary disks. In section 4,
we present the results, which are discussed in section 5.
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In section 5.1, we briefly discuss alternative explanations
for the observed peak optical depths. We summarize our
findings in Section 6.
2. ANALYTIC DERIVATION
For a monodisperse dust size distribution, the maxi-
mum optical depth can be calculated analytically. The
optical depth is the product of the opacity κν and the
dust surface density Σd
τν = κνΣd. (1)
The opacity κν can be expressed in terms of the dimen-
sionless absorption coefficient Qν
κν =
pia2
m
Qν =
3
4
Qν
aρs
, (2)
with the particle bulk density ρs. The particle size a can
be expressed via the dimensionless Stokes number
St =
pi
2
aρs
Σg
, (3)
with the gas surface density Σg.
An important criterion for the streaming instability is
the midplane dust-to-gas ratio ρd/ρg (Youdin & Good-
man 2005). We therefore convert the surface densities
to midplane volume densities via
Σg =
√
2piHρg, (4)
Σd =
√
2pihρd, (5)
with the pressure scale height of the gas H and the dust
scale height h, which is given by Dubrulle et al. (1995)
as
h =
√
α
α+ St
H '
√
α
St
H, (6)
where α is the viscosity parameter (Shakura & Sunyaev
1973). The last step is an approximation for α St.
Putting everything into equation (1) results in
τν =
3pi
8
√
α
St3
Qν
ρd
ρg
. (7)
For the threshold midplane dust-to-gas ratio of unity
and reasonable values of the needed quantities, the re-
sulting equation reads
τν = 0.5
Qν
0.4
( α
0.001
) 1
2
(
St
0.1
)− 32
. (8)
The value of Qν was calculated by using the DSHARP
opacities (Birnstiel et al. 2018) and the local conditions
in the dust ring in the simulation presented in section 4.
While equation (8) has a rather steep dependence on the
Stokes number, we would like to point out, that Qν itself
depends on the particle size and therefore the Stokes
number. To first order approximation Qν ∝ a ∝ St in a
regime where λ > 2pia (Ivezic et al. 1997). This lowers
the effective dependence on the Stokes number.
When planetesimal formation is able to keep the mid-
plane dust-to-gas ratio at unity, this could be a natu-
ral explanation for the marginally optically thick dust
rings in the DSHARP survey. The idea is that, as
soon as the dust surface density (and thereby the op-
tical depth) exceeds this threshold, particle concentra-
tion sets in (Schreiber & Klahr 2018). Clumps of dust
form, which gravitationally collapse to form planetesi-
mals. This takes mass away from the dust population,
lowering the dust surface density, and shutting down the
streaming instability again. This self-regulated process
will thus keep the dust surface density right at the bor-
der of stability, and thus keep the optical depth close to
the value given by equation (8).
However, this simple expression is only valid for a sin-
gle particle size. For a more detailed analysis with a
particle size distribution, we performed full numerical
models.
3. NUMERICAL MODEL
We modeled the second dust ring of HD 163296 in
a similar way as Dullemond et al. (2018). The one-
dimensional simulations have been performed with
DustPy, a Python-based software package for dust
growth and evolution in protoplanetary disks, which
is based on the model of Birnstiel et al. (2010). We im-
posed a Gaussian-shaped gap onto the gas by increas-
ing the viscosity in this region respectively. Gas and
dust dynamics have been implemented by solving their
continuity equations. We followed grain growth and
fragmentation by solving the Smoluchowski equation
with a simple sticking-fragmentation collision model.
To account for planetesimal formation by streaming in-
stability, we removed mass from the dust distribution
with a simple recipe.
All input parameters of our model are listed in table 1.
Note that the radial mixing parameter δ is a factor of
two larger than the viscosity parameter α0 to reproduce
the observed width of the dust ring.
3.1. Gas and dust dynamics
We initially set the gas disk according the self-similar
solution of Lynden-Bell & Pringle (1974):
Σg (r) = Σ0
(
r
rc
)−γ
exp
[(
− r
rc
)2−γ]
. (9)
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Table 1. Input parameters of the model.
Symbol Description Value Unit
α0 viscosity parameter 0.001 –
δ radial mixing parameter 0.002 –
 efficiency of planetesimal formation 0.1 –
f gap depth 2.0 –
γ slope of surface density 1.0 –
L∗ stellar luminosity 17.0 L
M∗ stellar mass 2.04 M
Mdisk initial disk mass 0.4 M
ϕ irradiation angle 0.02 rad
rc critical cut-off radius 200 AU
rp gap position 83.5 AU
ρs particle bulk density 1.6 g/cm
3
Σd/Σg dust-to-gas ratio 0.01 –
vf fragmentation velocity 10.0 m/s
wgap gap width 6 AU
The parameter Σ0 = (2− γ)Mdisk/
(
2pir2c
)
is set by the
initial disk mass.
The initial dust distribution follows the gas distri-
bution with a constant dust-to-gas ratio. The initial
particles sizes follow the distribution of the interstellar
medium (Mathis et al. 1977) with a maximum particle
size of 1µm.
We follow the gas evolution by solving the continuity
equation
∂
∂t
Σg +
1
r
∂
∂r
(rΣgvg,r) = 0, (10)
where the radial gas velocity is given by
vg,r = − 3
Σg
√
r
∂
∂r
(
Σg
√
rν
)
, (11)
with ν = αc2s/ΩK being the turbulent viscosity, α the
viscosity parameter, cs the sound speed, and ΩK the
Keplerian frequency.
Every dust particle size i follows its own advection-
diffusion equation:
∂
∂t
Σid +
1
r
∂
∂r
(
rΣidv
i
d,r
)
=
1
r
∂
∂r
[
rDiΣg
∂
∂r
(
Σid
Σg
)]
,
(12)
where the dust diffusivity is given by Youdin & Lithwick
(2007) as
Di =
δc2s/ΩK
1 + Sti
2 . (13)
δ is the radial mixing parameter, similar to α for the gas
evolution. The radial dust velocity is
vid,r =
1
1 + Sti
2 vg,r +
1
Sti + 1/Sti
c2s
ΩKr
d ln p
d ln r
, (14)
where p is the gas pressure. The Stokes number is de-
fined as
Sti =
pi
2
aiρs
Σg
, (15)
with the particle radii ai and the particle bulk density
ρs.
3.2. Dust growth
We simulate dust growth by following the particle
mass distribution f (m). This is done by solving the
Smoluchowski equation
∂
∂t
f (m) =
∫∫
f (m′) f (m′′)M (m,m′,m′′) dm′′dm′,
(16)
with the coagulation Kernel M (m,m′,m′′). Particles
grow by hit-and-stick collisions until their relative col-
lision velocities exceed the fragmentation velocity vf ,
where they start to fragment. The exact collisional
physics are hidden in the coagulation Kernel. For a
detailed description of the coagulation/fragmentation
method used here we refer to Birnstiel et al. (2010).
3.3. Temperature profile
For the temperature profile, we assume a simple irra-
diated disk model with the midplane temperature given
by
T (r) =
( 1
2ϕL∗
4pir2σSB
)1/4
, (17)
with the stellar luminosity L∗, the Stefan-Boltzmann
constant σSB, and the irradiation angle ϕ. We assume
that gas and dust are always well-coupled and share the
same temperature. Further, we assume that the temper-
ature does not change with height above the midplane.
The stellar luminosity does not change during our sim-
ulation.
3.4. Streaming instability
Since we cannot self-consistently solve for the hydro-
dynamical interactions between dust and gas leading to
the streaming instability in our one-dimensional model,
we implemented a simple recipe for forming planetesi-
mals in dust concentrations (see, e.g., Dra¸z˙kowska et al.
2016; Schoonenberg et al. 2018). As soon as the mid-
plane dust-to-gas ratio exceeds unity, we remove a frac-
tion  = 0.1 of the dust surface density per settling
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timescale and shift this mass into the surface density
of planetesimals. The rate of change Ri per species is
then given by
Ri =
∂
∂t
Σid = −
Σid
tisett
= −ΣidStiΩK. (18)
The mass that gets added to the planetesimals is then
simply the sum over all dust sizes
∂
∂t
Σpl = −
∑
i
Ri. (19)
We do not further evolve the surface density of planetes-
imals.
3.5. Gas gap
To model a gap carved by a planet we follow the ap-
proach of Dullemond et al. (2018). Since in the steady
state α · Σg is constant, a method for inducing a gap
in the gas density is to have a bump in the α viscosity
parameter
α (r) =
α0
F (r)
, (20)
where the function F (r) is given by
F (r) = exp
[
−f exp
(
− (r − rp)
2
2w2gap
)]
. (21)
This only changes the turbulent viscosity of the gas.
The radial mixing of the dust or the calculation of the
turbulent collision velocity of the dust particles is not
affected by this modification.
3.6. Optical properties
To calculate the optical depth, the intensity profiles,
and the spectral index we use the DSHARP opacity
model (Birnstiel et al. 2018), which uses optical con-
stants of water ice from Warren & Brandt (2008), of as-
tronomical silicates from Draine (2003), and of troilite
and organics from Henning & Stognienko (1996).
4. RESULTS
We performed two simulations evolving dust for sev-
eral million years each. The first simulation included
planetesimal formation through the streaming instabil-
ity, and the second one is a control case without plan-
etesimal formation. The top panel of figure 2 shows
the dust surface density distribution of the simulation
with planetesimal formation after 13 Myrs. The plotted
quantity σd corresponds to the dust surface density of
each logarithmic size bin:
Σd (r) =
∞∫
0
σd (r, a) d ln a. (22)
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Figure 2. Top panel: Snapshot of the dust distribution
after 13 Myrs in the simulation with planetesimal forma-
tion. The white line shows particles sizes with St=1. The
dashed blue and green lines correspond to the fragmentation
and drift limits, respectively (Birnstiel et al. 2012). Mid-
dle panel: Solid lines show the modeled intensity profiles
at 1.25 mm convolved with the beam size at different snap-
shots. The dotted lines show the corresponding unconvolved
intensity profiles. The dashed black line shows the observed
intensity profile (Andrews et al. 2018). Bottom panel: Opti-
cal depth profiles calculated from the convolved (solid) and
unconvolved (dotted) intensity profiles using the DSHARP
opacity model (Birnstiel et al. 2018). The data point corre-
sponds to the derived optical depth in the second dust ring
of HD 163296 (Dullemond et al. 2018).
6 Stammler et al.
The white solid line representing St = 1 particles is pro-
portional to the gas surface density (cf. equation (15))
and shows the gap carved in the gas by a hypothetical
planet at 83.5 AU. At this stage of the simulation, the
particles sizes are limited by radial drift everywhere in
the disk except for the dust trap at the outer edge of
the gas gap at about 100 AU, where the particles are
limited by fragmentation. Particles in the pressure trap
reach maximum sizes of about 3 cm, which corresponds
to a Stokes number of about 0.5. Outside the dust ring
the particles are limited to a few millimeters or less in
size. The vertically integrated dust-to-gas ratio in the
pressure bump is about 6 %.
We calculated the intensity profile by solving the ra-
diative transfer equation
Iν (r) =
(
1− e−τν(r)
)
Bν (T (r)) , (23)
with the Planck function Bν and the optical depth τν ,
which is computed using the DSHARP opacity model
(Birnstiel et al. 2018). The middle panel of figure 2
shows the intensity profiles at a wavelength of 1.25 mm
at different snapshots in the region of the dust ring. The
intensity profile has been convolved with a Gaussian fil-
ter with the size of the beam σb = 3.3375 AU used in
the observations of Andrews et al. (2018). The uncon-
volved intensity profiles are plotted with dotted lines.
The black dashed line is the observed intensity profile,
which should be compared to the convolved profiles.
The snapshot at 13 Myrs fits the observed intensity pro-
file best, while it still lacks emission in the outer wings
of the bump.
The bottom panel of figure 2 shows the corresponding
optical depth profiles at 1.25 mm at the same snapshots.
The optical depths has been calculated from the con-
volved (solid) and unconvolved (dotted) intensity pro-
files. The data point corresponds to the peak optical
depth in the second ring of HD 163296 and its error
derived in Dullemond et al. (2018). Again, the peak op-
tical depth at 13 Myrs in the simulation fits best to the
observation. However, the model lies within the error
bars for almost the entire lifetime of the protoplanetary
disk, between 2 Myr up to 20 Myrs.
Figure 3 shows the time evolution of the peak optical
depth in the dust ring calculated from the convolved in-
tensity profile and the maximum midplane dust-to-gas
ratio. The control simulation without streaming insta-
bility is plotted for comparison. In the dust ring, stream-
ing instability sets in after about 300 000 yrs, when the
dust-to-gas ratio in the midplane reaches the threshold
value of unity. At this point the optical depth levels
off and stays within the error bars derived from the
observations for almost the whole lifetime of the disk.
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Figure 3. Top panel: Time evolution of the peak optical
depth in the dust ring calculated from the convolved intensity
profiles. The data point corresponds to the second dust ring
in HD 163296 (Andrews et al. 2018; Dullemond et al. 2018).
Bottom panel: Time evolution of the peak midplane dust-
to-gas ratio in the dust ring. The solid lines correspond to
the model with and the dotted line to the model without
planetesimal formation in each panel.
The optical depth in the control case without streaming
instability, on the other hand, continues to rise up to
values of 1.75. Also the midplane dust-to-gas ratio is
stabilized after the streaming instability sets in thanks
to its self-regulating nature. In the control case with-
out streaming instability the midplane dust-to-gas ratio
reaches values as high as 10.
The peak that is seen in the optical depth in figure 3
shortly after 100 000 years marks the point in time when
the particles hit the fragmentation barrier. Fragmenta-
tion limited particles roughly resemble a power law size
distribution from the maximum particles size down to
monomers. The size distribution of particles that have
not yet hit the fragmentation limit is rather compara-
ble to a Gaussian (see e.g. Windmark et al. 2012). This
influences the resulting opacity of the particle distribu-
tion, with the fragmentation limited distribution being
slightly less opaque, causing the drop in figure 3. after
150 000 years.
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Figure 4. Mass budget of gas, total dust, dust in the ring,
and planetesimals. The data point corresponds to the ob-
served dust mass in the ring derived by the DSHARP survey
(Andrews et al. 2018; Dullemond et al. 2018).
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Figure 5. Spectral index profile in the dust ring region at
different snapshots calculated from the convolved intensity
profiles.
Figure 4 shows the mass budget of gas, dust, and plan-
etesimals during the simulation. The dashed red line
represents the dust mass in the ring, where the ring size
is defined by the full width at half maximum of the dust
surface density. This value should be compared to the
data point which corresponds to the dust mass in the
ring as estimated by Dullemond et al. (2018).
Planetesimal formation starts after about 300 000 yrs
and about 600 Earth masses of planetesimals are pro-
duced until the end of the simulation. After about
6 Myrs, 95 % of the planetesimals have been formed.
The planetesimal were not evolved any further, but sim-
ply stayed at the location of their formation.
Figure 5 shows the spectral index in the ring at dif-
ferent snapshots. The spectral index has been calcu-
lated using the intensity profiles at the two wavelengths
1.25 mm and 3.00 mm convolved with the beamsize at
3 mm. As soon as fragmentation sets in and the parti-
cle size distribution roughly resembles a power law, the
spectral index in the dust ring reaches its minimum val-
ues between 3.0 and 3.5, while it is significantly higher
outside the dust ring later in the simulation.
5. DISCUSSION
Dullemond et al. (2018) analyzed eight bright rings
observed in the DSHARP survey (Andrews et al. 2018).
They found that the rings seen in the continuum emis-
sion can be explained by dust particles trapped in pres-
sure bumps. The deviation from a Gaussian intensity
profile can be explained by particle size distribution, the
asymmetry by a background pressure gradient.
We see the same behavior in our numerical model
concerning the outer ring of HD 163296 and including
the full size distribution regulated by dust growth and
fragmentation. But even in the snapshot at 13 Myrs,
which fits the observations best, the wings of the inten-
sity bump are significantly lower than the observation.
However, we only simulated one gap carved by a planet
at 83.5 AU. HD 163296 may have at least three more
planets at 50 AU (Isella et al. 2016), at 137 AU (Teague
et al. 2018), and at 260 AU (Pinte et al. 2018). If there
are additional dust traps inside and outside of the pres-
sure bump simulated in this work, the excess in emission
that is observed may be explained by this. Modeling of
multiple gaps and a deeper study of disk parameters will
be part of future studies.
In our simulation, gravitational collapse of locally
concentrated pebbles regulated by streaming instabil-
ity leads to the formation of more than a Jupiter mass
in planetesimals in a narrow ring. We did not further
simulate the evolution of these planetesimals, but just
let them stay at the location of their formation. Merg-
ing, scattering or pebble accretion onto planetesimals
was not taken into account and will be a part of future
works. Since we did not model any other planet farther
outside in the disk, the dust initially located in the outer
disk could drift to the dust ring thus increasing the for-
mation rate of planetesimals. A pressure bump in the
outer disk could trap some of the dust and lower the drift
rate thereby reducing the final mass of planetesimals in
the modeled ring.
Following the steps outlined in Ormel (2017), we can
estimate the pebble accretion rate onto the planetesi-
mals in the dust ring. Assuming a typical planetesi-
mal size of 100 km, a single planetesimal would accrete
∼ 10−9 M⊕/yr using the particle size distribution and
densities in the dust ring at 13 Myrs. At this time we
have about 108 planetesimals in the simulation, leading
to a total pebble accretion rate of ∼ 0.1 M⊕/yr. This
is significant compared to the peak planetesimal forma-
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tion rate of ∼ 10−3 M⊕/yr in the early simulation and
should be taken into account in future works.
5.1. Alternative explanations
The formation of planetesimals from small dust par-
ticles is not the only possible explanation for the seem-
ingly fine-tuned optical depths in the DSHARP rings.
The back reaction of dust particles onto the gas can
also smear out concentrations (Taki et al. 2016; Ga´rate
et al. 2019). This effect was not taken into account in
this work. Back reaction can usually be neglected, if
the dust-to-gas ratio is much lower than unity. But as
seen in figure 3, the midplane dust-to-gas ratio in the
simulation without planetesimal formation reaches val-
ues of about 10. The influence of the back reaction of
dust onto the gas on the appearance of the dust rings
and the optical depth will be part of future works.
Recent publications have indicated that not only the
absorption, but also the scattering opacity plays a sig-
nificant role in the interpretation of (sub-)millimeter ob-
servations (Kataoka et al. 2015; Liu 2019; Zhu et al.
2019). Whether the inclusion of scattering effects in the
radiative transfer formalism can have a significant in-
fluence on the perceived optical depths will be part of
future investigations. Observations with longer wave-
lengths (e.g. with facilities like the ngVLA, Ricci et al.
2018) could help to distinguish the scattering from the
planetesimal formation scenario, since scattering effects
are highly wavelength-dependent and suppressed at long
wavelengths.
6. SUMMARY
In this publication, we show that a natural explana-
tion for the peculiar optical depths observed in dust
rings in protoplanetary disks is the formation of plan-
etesimals converting small dust into large bodies. A sim-
ple analytical derivation assuming a single particle size
(see equation 8) shows that the optical depth of ∼ 0.5
is naturally obtained if the dust density is regulated by
planetesimal formation. This would mean that the ob-
served narrow distribution of optical depths in dust rings
can be evidence of ongoing planetesimal formation.
As long as the streaming instability is acting, the mid-
plane dust-to-gas ratio is limited to unity by formation
of planetesimals from pebbles. This naturally limits the
peak optical depth in the dust ring to values reported
by the DSHARP survey for almost the whole lifetime
of the protoplanetary disk. Additionally, the dust mass
in the ring compares well to the value derived by Dulle-
mond et al. (2018), which is a consequence of using the
same opacities with a model that also reproduces the
emission.
In a future works we aim to explore a larger parameter
space to confirm if planetesimal formation can explain
the other rings in the DSHARP survey.
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